ABSTRACT We studied the molecular form of tubulin in solution by ultrafiltration, nondenaturing electrophoresis, and chemical cross-linking . Our results are not consistent with the generally-held belief that tubulin in solution is a 110,000-mol-wt dimer . Rather, tubulin in solution consists of small oligomers ; dimers are a minority species . The small proportion of dimers was readily apparent from ultrafiltration experiments . We first compared the filterability (defined as the ratio of protein concentration in filtrate to that applied to the filter) of phosphocellulose-purified tubulin (PC-tubulin) with aldolase (142,000 mol wt) . Using an Amicon XM 300 filter, the filterability of PC-tubulin at room temperature and at a concentration of 0.5 mg/ml was only 0.12, whereas under the same conditions the filterability of aldolase was 0.60 . We determined the average effective molecular weight of tubulin from its filterability on XM 300 filters calibrated with standard proteins . At room temperature, PC-tubulin at 0.5 mg/ml had an effective molecular weight of 300,000. This molecular weight was significantly reduced at 10°C, indicating that oligomers dissociated at low temperatures .
tions ofmicrotubule protein in vitro consist primarily of rings (containing microtubule-associated proteins [MAPS] ' [35] ) and tubulin dimers . Ultracentrifugation of purified tubulin at 4°C consistently shows a predominant 6S species (1, 6, 14, 30, 45, 56, 57) . However, there is some evidence for oligomeric forms oftubulin that may be intermediates ofassembly (9, 11, 19, 20, 34, 43) .
We show here by three independent methods, ultrafiltration, nondenaturing PAGE, and chemical cross-linking, that at room temperature (20-23°C) only a small fraction ofbovine tubulin in phosphate-glutamate buffer was present as simple dimer. Tubulin appeared to self-associate, even in the absence of MAPS, into a series of small oligomers . Oligomerization was rapid and concentration-dependent . The extent of oligomerization was reduced at low temperature and was freely reversible, indicating that oligomerization was not the result of denaturation .
MATERIALS AND METHODS
GTP, Coomassie Brilliant Blue G250 and R250, Fast Green FCF, and dimethyl suberimidate (DMS) were obtained from Sigma Chemical Co . (St . Louis, MO) . All proteins used as molecular weight markers were also purchased from Sigma Chemical Co ., except for bovine IgG, which was obtained from Cappell Laboratories (West Chester, PA), and myosin, which was a gift from Drs. Susan Brawley and Peter Cooke (University of Connecticut Health Center). 5(4,6-Dichlorotriazin-2-yl) amino fluoroescein dihydrochloride (DTAF) was purchased from Research Organics (Cleveland, OH) . Sephadex G25 was a product of Pharmacia Fine Chemicals (Piscataway, NJ), while PI l phosphocellulose was supplied by Whatman Laboratory Products, Inc. (Clifton, NJ) . Acrylamide was obtained from Bio-Rad Laboratories (Richmond, CA), N-N'-methylenebi.s-acrylamide from Eastman Laboratory and Specialty Chemicals (Rochester, NY), and sodium lauryl sulfate (SDS) was purchased from BDH (Carle Place, NY). Glutaraldehyde was purchased from Polysciences, Inc . (Warrington, PA), and bis-[2-(succimido-oxycarbonyoxy)ethyll sulfone (BSOCOES) was a product of Pierce (Rockford, IL). All salts and other chemicals were analytical grade.
Protein : Bovine brains were obtained locally and processed within an hour of slaughter . Three-times-cycled microtubule protein in 20 mM sodium phosphate, 100 mM sodium glutamate, pH 6 .75 (PG buffer), was prepared according to the protocol of Margolis and Wilson (37) , as modified by Regula et al . (46) . Aliquots were stored at -80°C . No deterioration of the protein was detected after as long as 2 mo of storage. Labeling with DTAF was performed according to the procedure of Keith et al . (24) as follows: 5 mg/ml of assembled microtubule protein in 50 mM PIPES, 1 .5 mM GTP, 1 mM EGTA, and 0 .5 MM MgC1 2, pH 6 .75, was mixed with 0.05 vol of 5 mg/ml DTAF in dimethyl sulfoxide . The reaction was allowed to proceed at 30°C for 10 minutes after which it was terminated by the addition of a twofold molar excess of glutamine . The labeled microtubules were pelleted and taken through another cycle of assembly-disassembly in PG buffer. Any remaining free dye was removed by chromatography on Sephadex G25 columns. Phosphocellulose-purified tubulin (PC-tubulin) was prepared immediately before use by chromatographing threetimes-cycled microtubule protein over columns of phosphocellulose equilibrated with ice-cold PG buffer at ratios of no more than 2 mg of protein per milliliter of phosphocellulose . Fractions were eluted with PG buffer and the protein content monitored with Coomassie Blue G250 (7) . The tubulin elutes in the void volume .
Ultrafiltration : Amicon XM 300 filters (Danvers, MA) were extensively washed in water and assembled into either an Amicon Model 3 ultrafiltration cell or an Amicon MMC ultrafiltration manifold . The filters were then stirred for at least 30 min with PG buffer containing 0 .1 mM EDTA (PGE), which, used to wash the filters and as the filtration medium, helped to reduce adsorption of proteins to the membrane . Presumably, competition between protein and glutamate amino groups reduced hydrogen bonding of protein to the carbonyl groups on the filter. Ultrafiltration of solutions of PC-tubulin, 'Abbreviations used in this paper: BSA, bovine serum albumin ; BSOCOES, bis [2-(succimido-oxycarbonyoxy)ethyl] sulfone ; DMS, dimethyl suberimidate ; DTAF, 5(4,6-dichlorotriazin-2-yl) amino fuorescein dihydrochloride ; PC-tubulin, phosphocellulose-purified tubulin ; and PG buffer, 20 mM sodium phosphate, 100 mM sodium glutamate, pH 6 .75 . often mixed with trace amounts of DTAF-labeled PC-tubulin, was performed with stirring under 10 psi of nitrogen . Filterability was expressed as the ratio of the concentration of protein in the filtrate to that applied to the filter. Only a small amount of filtrate (<10% of starting volume) was collected into tared tubes to minimize concentration changes during filtration . The tubes were reweighed to determine the amount of filtrate collected and the protein measured as described below . For the most accurate determinations of filtrate volumes, the collected volume was corrected for volume contributed by dead space in the apparatus. 'H20 was added to the sample solution to a final concentration of 0.5 juCi/ml . From this specific activity and the total radioactivity in the filtrate, the actual sample volume filtered could be readily calculated .
To determine recovery, we stirred the retentate for at least 10 min, and an aliquot was taken for protein measurement. Typically -88% of the applied protein was recovered in the combined filtrate and retentate . Variation in recovery was <5% . When appropriate, filterabilities obtained using different filters were normalized by comparing the filterabilities of a standard protein, bovine IgG, through these filters. All filterabilities were then multiplied by that factor that would bring the filterability of IgG to a fixed value . Filters were washed after standardization, first with buffer, then with 6 M urea overnight, and finally with distilled water, and reused for no more than one filtration, except where noted in the text.
We wish to emphasize that the cut-off of XM 300 filters at a molecular weight of 300,000 is nominal only. Moreover there appear to be difficulties in the reproducible manufacture of filters of large porosity. It is therefore imperative that each filter be characterized by its behavior toward proteins of known molecular size. For this purpose we have found that IgG serves as a convenient probe.
PAGE: Nondenaturing PAGE at pH 8 .3 was performed using the Bryan system (8, 53) with a Laemmli (25) stacking gel, except that SDS was completely omitted . Nondenaturing PAGE at neutral pH was performed on 5% running gels buffered with 0 .1 M NaP,, pH 7.0 with 3% stacking gels buffered with 0.02 M NaP;, pH 7 .0 . Electrophoresis buffer was 0.2 M NaP ;, pH 7 .0. SDS PAGE was performed using the procedure of Laemmli (25) . Gels were stained with Coomassie Brilliant Blue R250 or quantitatively with Fast Green FCF (46) . A Gilford 240 spectrophotometer (Oberlin, OH) equipped with linear transport was used to scan tube gels. A Hoeffer GS300 scanning densitometer (San Francisco, CA) was used to scan slab gels.
Cross-linking : The glutaraldehyde employed for cross-linking was an 8%, electron microscopy grade stock solution stored under nitrogen . 200 mM stock solutions of DMS in 0 .2 M Tris, pH 9 .2, and BSOCOES in dimethyl sulfoxide were prepared within I min of use . PC-Tubulin was prepared as already described, except that the columns were equilibrated and developed with 50 mM PIPES, pH 6 .8 . Incubations with glutaraldehyde or BSOCOES were performed in this buffer . For DMS cross-linking, the eluted protein was adjusted to 0 .2 M Tris, pH 9 .2, immediately before addition of cross-linker. DMS or BSOCOES was usually added to a final concentration of 2 mM, and the final concentration of glutaraldehyde was usually 0.15% . All reactions took place at room temperature . After appropriate incubation, reactions were stopped by the addition of a 100-fold molar excess of glycine or glutamine . Samples were immediately processed for SDS PAGE.
Protein Assays: Protein was determined using the method of Lowry et al . (31) or as modified by Bensadouin and Wettstein (3) . When DTAF-labeled tubulin was used, its fluorescence (_d, = 480 nm; X.. = 495 nm) was monitored using a Perkin-Elmer MDF4 fluorescence spectrophotometer (Perkin-Elmer Corp., Instrument Div ., Norwalk, CT).
RESULTS

Existence of Tubulin Oligomers : Ultrafiltration
To determine the molecular dimensions of soluble tubulin with minimal perturbation, we filtered PC-tubulin at room temperature through an Amicon XM 300 filter whose nominal molecular weight cut-off was about 300,000 . Remarkably, at a concentration of 0.5 mg/ml, tubulin had a filterability of less than 0.13 through a typical XM 300 membrane . Under the same conditions, aldolase (142,000 mol wt) had a filterability of about 0.60 . This suggested that the molecular weight of tubulin in solution was significantly greater than 142,000, i.e., larger than a 110,000-mol-wt dimer.
To obtain a more precise estimate ofthe effective molecular weight of tubulin in solution we used two procedures. (a) An empirical relationship between filterability and molecular ra-KRAVIT ET AL . Small OligomersofTubulin dius was established using a series of proteins of known dimension . The molecular dimension of tubulin was then derived from its filterability by interpolation . (b) We employed the theory of restricted diffusion (26) , which accounts for the hydrodynamic behavior during filtration of molecules whose dimensions approach pore size, to first calculate an effective filter pore size. Using this pore size and the measured tubulin filterability, the effective radius of tubulin could then be calculated (see Appendix) .
The filterabilities ofstandard proteins and tubulin are given in Table I . It is seen at once that the filterability oftubulin is less than that of catalase (232,000 mol wt), but greater than that of myosin (468,000 mol wt). The filter pore size was calculated from the restricted diffusion theory (see Appendix) for each standard protein (Table I , last column). The close agreement of the calculated pore sizes indicated that the theory provided reasonable estimates of molecular dimensions overthe range ofprotein molecular weights tested . Using the calculated pore size and the measured filterability of tubulin, we calculated that its effective average radius was 4.37 nm, corresponding to a molecular weight of 272,000. Fig. 1 is a plot of filterability vs. molecular weight. The continuous curve is calculated from theory using a pore radius of 5 .17 ± 0.29 nm (Table I) ; the individual experimental points are shown as open squares.
The value for the molecular weight ofPC-tubulin approximates that of a pentamer . However, the measurement probably reflects the presence of mixed oligomeric forms whose average molecular weight is (fortuitously) near that of the pentamer . Indeed, other evidence presented below indicates the presence of multiple oligomeric forms. Nevertheless, the data allow one to set an upper limit to the fraction of tubulin present as dimer that is consistent with the filtration data. Assuming a spherical geometry, a 110,000-mol-wt dimer would have a radius of 3.18 nm (47) . From this value and the theory (see Appendix), the predicted filterability ofa solution containing only dimers is 0.23 . The measured value of 0.03 indicates that not >13% (0.03/0.23) can be present as dimer.
During the course of our study, we encountered considerable variability in the filtration characteristics of individual filters. As indicated in Materials and Methods, testing ofeach filter was necessary. The normalization procedure employed based on the filterability of IgG appeared valid from the consistent data obtained for the standard proteins whose filterabilities were measured using different, separately-characterized filters. In addition, we succeeded in obtaining measurements of the filterabilities of a range of proteins and tubulin through the same filter. This method was taken to address the critical question of whether oligomers, like microtubules, are cold-sensitive . The measurements of filterability were made at room temperature and with the apparatus moved to a 4*C cold room. Under these conditions, the temperatures of the filtered solutions were actually -I0°C, probably due to the heat generated by the magnetic stirrer . Table Il shows the filterabilities of the proteins through seven filters. We show the data for all filters so that their variability is apparent, as is the consistency of a given filter for the relative filterabilities oftubulin and a set of standard proteins . The mean filterabilities of IgG at 10*C and 22*C were identical . By contrast, the filterabilities of tubulin at 10*C were greater than at 22*C for all filters (P < 0.0005). It is apparent from Table lI that the mean filterabilities decreased monotonically with molecular weight . For clarity, we plotted in Approximately 0.5 mg/ml of IgG was filtered through each of seven filters . The exact starting and filtrate protein concentrations were determined, and the filterability of IgG was calculated for each filter . The filters were cleaned as described in Materials and Methods, and 0.5 mg/ml ovalbumin, BSA, aldolase, IgG, catalase, myosin, and tubulin at room temperature were filtered through them . The filterabilities of these proteins were determined as above and multiplied by the factor that would bring the filterability of IgG through that particular filter to 0 .073 . The radius of each protein was derived from its spherical equivalent (47) , and the pore radius was calculated from Eq . Normalized filterability at room temperature vs . molecular weight . The solid line represents a standard curve calculated using the pore radius given in Table I Approximately 0.5 mg/ml of the following proteins in PGE buffer were ultrafiltered : ovalbumin (42,000 mol wt), BSA (67,000 mol wt), aldolase (142,000 mol wt), IgG (160,000 mol wt), myosin (468,000 mol wt), and PC-tubulin . The ordinate, "Percent Filterable," corresponds to filterability x 100. the data from two filters (Nos. 2 and 5) for which the filterabilities ofIgG were virtually identical . The effective molecular weight of PC-tubulin was 203,000 at 10°C and 297,000 at 22°C. Clearly, oligomers tended to dissociate at the lower temperature . XM 300 filters were washed and assembled into an Amicon MMC manifold as described in Materials and Methods . The various proteins were dissolved and filtered in PCE buffer at a concentration of -0 .5 mg/ml . Except where noted, all filtrations were performed at room temperature . After each filtration, the filters were washed with 6 M urea as described in Materials and Methods. * ND, not determined . Table  II are plotted as filterability vs . molecular weight. The solid line is the standard curve which was calculated as follows : the filterability of each standard protein was used to calculate a pore radius from Eq . 3 in the Appendix . These were averaged to give a mean pore radius of 5 .97 nm, and this value was substituted into Eq . 3 to yield a standard curve . The dashed lines were calculated using this pore radius plus or minus one standard deviation unit (0 . 
Existence of Tubulin Oligomers : Electrophoresis under Nondenaturing Conditions
The existence of oligomers could be demonstrated independently by PAGE under nondenaturing conditions. On nondenaturing gels, PC-tubulin separated into at least 10 resolvable bands (Fig. 3, lanes e-j) . There was also unresolved protein lying above the running and stacking gels. Under the same conditions, soybean trypsin inhibitor and bovine serum albumin (Fig. 3, lanes a-d) ran primarily as single bands. Unfractionated three-times-cycled microtubule protein showed the same multiple band pattern as the PC-tubulin ( Fig. 3, lanes k and 1) .
It seemed likely that the tubulin bands corresponded to oligomers that were separated by both size and charge on native gels. Systematic examination of electrophoresis in gels of different porosity showed that the apparent molecular weights of the bands corresponded to multiples of tubulin dimers . When nondenaturing PAGE is performed at several acrylamide concentrations, and the log of the mobility (Rf) of a protein of known molecular weight at each concentration is plotted against the acrylamide concentration, a straight line should result in which the slope is proportional to the retardation coefficient (KR ) (47) . Fig. 4A shows such a plot for KRAVIT (47) and are calculated assuming a spherical shape and a molar specific volume of 0 .74 cm 3 g ' mol -' . The square root of KR (0) calculated from the data of A for each protein was plotted against its radius, and a standard curve was calculated using linear regression . The radii for the tubulin bands (p) were derived from measured KR' s and the standard curve . The molecular weights were calculated assuming a spherical shape and a specific volume of 0 .736 cm 3g' mol -' (23) . As shown at the arrows, these molecular weights are 51,000, 213,000, 446,000 and 773,000.
three molecular weight standards, and Fig. 4B shows the equivalent plots for the four fastest migrating tubulin bands. A plot of the square root of KR against molecular radius for the series of proteins of known dimensions yields a standard curve (47) from which the dimensions of the tubulin oligomers can be estimated . Fig . 4C shows this standard curve and the values obtained from it for the radii of the four fastest migrating bands. These molecular dimensions are consistent with the molecular weights of a linear series of oligomers, the diffuse, fastest band being a mixture of a-and ß-subunits, (mean molecular weight 51,000) followed by tetramer, hexamer, and octamer (213,000, 446,000, and 773,000 mol wt, respectively) . Chemical cross-linking reagents are used widely to demonstrate the proximity of protein subunits . If tubulin in solution exists as oligomers, it should be possible to show a high degree of intermolecular cross-linking under conditions in which cross-linking of monomers of other proteins does not occur. Fig. 5 shows SDS PAGE of PC-tubulin that had been incubated at room temperature for various intervals with glutaraldehyde . The positions of several bands clearly indicated the presence of higher oligomers. There was a progressive increase with time in the amount of tubulin that failed to enter both the running and even the stacking gels, and, concomitantly, there was a progressive loss in the a-and 0-tubulin monomer bands . In addition, several higher molecular weight bands were also seen to increase with incubation. These included bands at roughly 165,000 and 220,000 and others at still higher molecular weights . Interestingly, there was no prominent band corresponding to tubulin dimer, which suggests that it was a transient intermediate in the cross-linking process . Similar patterns of chemically crosslinked tubulin were seen following incubations with BSO-COES (59) at pH 6 .9 and DMS at pH 9 .2 (Fig. 6) . The glutaraldehyde-induced patterns are shown in Fig. 6 , lanes b and e, for 0 .4 mg and 2 .0 mg/ml PC-tubulin, respectively. Fig . 6 , lanes c andf, are the corresponding DMS, and Fig . 6 , lanes d and g, the corresponding BSOCOES patterns . Bands of molecular weights of 110,000 and 165,000 in Fig. 6 , lane g, and 220,000 and 275,000 in Fig. 6 , lane f, are indicated by asterisks. Careful inspection of the 110,000 region in unphotographed gels of BSOCOES-cross-linked material showed a distinct triplet, no member of which was dominant. A similar triplet was investigated by Luduefia et al . (32) and shown to be consistent with a-a,-, a-ß-, and ß-ß-dimers . This suggests either that in addition to the a-ß-heterodimer, a-a-and ß-0-homodimers are present in solution, or, more likely, that the bands represent portions of higher oligomers that were incompletely cross-linked . At the same concentrations of protein and cross-linking reagents, non-oligomeric proteins such as ovalbumin were not cross-linked (data not shown) .
Further evidence for higher tubulin oligomers was found in examination of cross-linking as a function of total protein concentration . It is anticipated that cross-linking of true oli-FIGURE 6 SDS PAGE of PC-tubulin cross-linked with three different reagents . PC-Tubulin, at either 0 .4 or 2 mg/ml, was incubated with 0 .15% glutaraldehyde, 2 mM DMS, or 2 mM BSOCOES for 20 min at room temperature . The reaction was stopped with glycinamide, and 40 kg of protein in a final volume of 100 juI was loaded onto the 3 .5% stack of a 7.5% slab gel . The gel was stained with gomers will be relatively unaffected by total protein concentration except at extreme dilution, whereas random collisional events are proportional to the square of the protein concentration (10) . Fig . 7 shows that the degree of cross-linking was relatively unaffected over a fivefold range of concentration .
Effect of Concentration on the Degree of Oligomerization
Two different lines of evidence based on ultrafiltration and nondenaturing PAGE showed that the extent of tubulin oligomerization at room temperature was concentration-dependent . When solutions of tubulin at various concentrations were ultrafiltered, their filterability was essentially constant >0 .25 mg/ml . However, at concentrations <0.25 mg/ml, the filterability of PC-tubulin increased progressively with decreasing concentration . Thus, oligomers clearly dissociated at low concentration . Fig. 8 shows a composite of two experiments in which the filterability of PC-tubulin is plotted vs. the concentration of tubulin in the applied sample . The results fit a biphasic curve that is semilogarithmic at concentrations below -0 .25 mg/ml and almost flat above 0 .25 mg/ml .
We have ruled out two alternative explanations for the concentration dependence of filtration: clogging of filter pores at high protein concentrations, and a phenomenon known as concentration-polarization, in which filter-rejected solute builds up near the membrane in sufficient concentration to form a secondary filter (5) . Both clogging and concentration- polarization should occur in solutions of proteins other than tubulin, such as IgG . In addition, when different proteins are mixed each constituent should be affected by clogging or concentration-polarization. We showed first that the filterability of IgG was independent of protein concentration over the same range as that used for tubulin . Thus the filterabilities of IgG at 0.1, 0.2, 0.3, and 0.5 mg/ml were not different, and, for the particular XM 300 filter employed, averaged 0.473 with a standard deviation of only 0.045 over all of the concentrations . An even more stringent control is summarized in Table III . In these experiments (which used the identical filter) mixtures oftubulin and transferrin were filtered . Clearly the presence of 0.5 mg/ml transferrin did not modify the concentration dependence of tubulin filterability . Moreover, CONCENTRATION, mg/ml FIGURE 8 Effect of PC-tubulin concentration on its filterability . PCTubulin was prepared from three-times-cycled microtubule protein that had been mixed with a small amount of DTAF-labeled microtubule protein, and then diluted with PGE buffer to final concentrations of 0 .05 to 1 mg/ml . The solutions were filtered through XM 300 membranes as described in Materials and Methods and protein concentrations monitored both by Lowry (not shown) and by fluorescence . The different symbols represent two separate experiments, and the lines were calculated by a linear regression analysis . The ordinate, "Percent Filterable," corresponds to filterability X 100. Transferrin and PC-tubulin were dissolved to the given concentrations in PGE buffer, and the mixture was filtered through an XM 300 filter as described in Materials and Methods . The filterability of IgG through this membrane was 0.473 . Known volumes of filtrates and starting solutions were electrophoresed on 7% Laemmli gels and stained quantitatively with Fast Green FCF . The stained gels were scanned and the areas under the tubulin and transferrin peaks were quantified and used to calculate filterabilities .
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THE JOURNAL OF CELL BIOLOGY -VOLUME 99, 1984 the filterability of transferrin was unaffected by its concentration. The concentration dependence of tubulin oligomerization was therefore not an artifact of the filtration process. A dependence of oligomer formation on concentration could also be demonstrated on nondenaturing polyacrylamide gels. Fig. 3 shows a nondenaturing slab gel of different amounts of tubulin loaded in identical volumes . The distribution of tubulin into its various bands changed with the concentration, shifting to a higher proportion of slower moving bands with increasing concentration . The quantitation of the concentration effect is shown in Fig. 9 . As the concentration of tubulin increased, so did the proportion of the higher order oligomers .
Reversible Formation of Oligomers at Room Temperature
To examine the possibility that oligomerization was the result of tubulin denaturation and aggregation, we tested its reversibility . A solution of PC-tubulin was diluted, stirred for 10 min, filtered, diluted to a new concentration, and so on for three cycles . The results are shown in Table IV . The filterability at each concentration was in close agreement with previous determinations in which the tubulin was only filtered once.
Conversely, a dilute solution of PC-tubulin was filtered progressively ( Table V) . As it became concentrated, periodic samples of filtrate and retentate were taken . After each filtration step, the solution was stirred for 2 min. Again, the filterability at each concentration was in good agreement with previous determinations in which the tubulin was only filtered once. Thus, there was no decay of the ability of the tubulin to dissociate or reassociate during this experiment. Oligomerization was therefore freely reversible and was not a conse- Filterability of PC-Tubulin during Progressive Dilution PC-Tubulin was diluted to 0 .5 mg/ml and a small amount was filtered at room temperature through an Amicon XM 300 membrane at 10 psi of nitrogen . The retentate was stirred for 10 min and PGE buffer was added . A sample of the diluted retentate was taken and the solution refiltered . The retentate was stirred, diluted, sampled, and refiltered for anothertwo cycles . The filterability for each cycle was calculated . PC-Tubulin was diluted to 0 .085 mg/ml and filtered through an Amicon XM 300 membrane at room temperature and 10 psi of nitrogen . The retentate was stirred for 2 min, sampled, and refiltered . This was repeated through a total of 10 cycles.
quence of tubulin denaturation . Since some of the solutions in the stepwise filtrations were allowed only 2 min to reequilibrate, the approach to equilibrium must be fairly rapid. The rapid equilibrium makes it impossible to discern the role of oligomers in assembly using separation techniques . After an ultrafiltration, for example, re-equilibration occurred so that both filtrate and retentate were able to polymerize onto axonemal seeds with a critical concentration similar to that of unfractionated PC-tubulin (unpublished observations) .
A rapid equilibrium seems to be inconsistent with the results of the nondenaturing PAGE experiments shown in Figs . 3 and 9, since Gilbert (21) has shown that species in rapid equilibrium do not form discrete bands, but rather "equilibrium smears ." However, our gels were run at alkaline pH, a condition which is known to inactivate tubulin for assembly (46) . When gelswere run at neutral pH, the expected "smear" was obtained . Fig . 10 shows nondenaturing PAGE of PC-tubulin and BSA run at pH 7 . BSA (Fig. 10, lane a) exhibits discrete bands, but PC-tubulin (Fig. 10, b) shows a smear from the interface of the stacking and running gels to just below the major BSA band, with the most intense Coomassie Blue staining located towards the top of the gel . The most straightforward interpretation of these results is that at pH 7, PC-tubulin is an equilibrium mixture of oligomers ranging in size from some dissociated monomer to very large assemblages, with the majority of the tubulin being in high- FIGURE 10 Nondenaturing PAGE of PC-tubulin and BSA at neutral pH . PC-Tubulin and BSA were run on nondenaturing gels at pH 7 as described in Materials and Methods . (Lane a) 20ltg BSA. (Lane b) 40,ug PC-tubulin . molecular weight forms . At high pH, the approach to equilibrium is presumably either very much slower or abolished .
DISCUSSION
We originally applied ultrafiltration to solutions of tubulin with the objective of separating free from membrane-bound tubulin . The small filterability of tubulin solutions actually observed and explored in this study appears to contradict the generally accepted view, based on numerous analyses of its sedimentation (e.g., 6, 14, 30, 45, 56, 57) and chromatographic (e.g ., 14, 51, 56) behavior that tubulin in solution is predominantly dimeric. Yet it was clear from the outset that there are characteristics of ultrafiltration such as low hydrostatic pressure that set it apart from other techniques. These characteristics and the conditions of our experiments make it possible to reconcile our observations with the extensive literature in which the molecular dimensions of tubulin have been determined by ultracentrifugation and column chromatography.
First, the majority of ultracentrifugations and chromatography has been performed at 4°C . We were not able for technical reasons to perform the ultrafiltration at temperatures as low as 4°C, but even at 10°C, the cold-induced dissociation of oligomers was clear. In view of the well-known cold-induced disassembly of microtubules, this should not be surprising .
Second, it is also known that microtubules are pressuresensitive (48) , and it has been shown that the 30S ring oligomers found in solutions of tubulin with MAPs as well as microtubules themselves are disassembled by hydrostatic pressures during prolonged ultracentrifugation (35, 36) . Similarly, it is possible that the oligomeric structures of PC-tubulin we have described are dissociated by high hydrostatic pressure . Indeed, we have shown in preliminary experiments in which ultracentrifugation is achieved at low hydrostatic pressures that tubulin at room temperature sediments at rates consistent with higher oligomers and not as a dimer. KRAVIT The conditions used for most chromatographic studies may also lead to dissociation of oligomers : (a) most columns are developed in the cold, a condition that favors dissociation of oligomers ; (b) the protein is subject to dilution, which we showed favors dissociation ; and (c) studies of whole microtubule protein (tubulin and MAPS) are designed to separate MAPS or MAP-tubulin oligomers from free tubulin and not to define the molecular weight of free tubulin. For example, Sloboda et al. (51) were able to separate MAP-containing tubulin oligomers from free tubulin on Bio-Gel A-1 .5 m. The column was run at 4°C and the position of the free tubulin in the elution profile would be easily compatible with oligomers of the size identified in our study .
Finally, we have consistently used bovine brain tubulin prepared in PG buffer without glycerol. While it is possible that our tubulin behaves differently than other mammalian brain tubulins prepared in PIPES or other buffers, our tubulin appears to behave like other tubulins in all major respects (see, for example, reference 46). Consequently, we do not believe that we are looking at a phenomenon peculiar to our preparation of bovine brain tubulin.
Our conclusion, based both on our results and on the literature, is that oligomers may be formed by cold-and pressure-sensitive bonds similar to those of the microtubule itself. Because of these properties, the existence of oligomers may have been obscured by temperatures and other factors operative in ultracentrifugation and gel chromatographic procedures, but which do not affect ultrafiltration .
Chemical cross-linking afforded another means of probing for the presence of oligomers without physical perturbation. Cross-linking at neutral and alkaline pH yields stable high molecular weight complexes of tubulin under conditions in which other protein monomers are not significantly crosslinked. The time course of tubulin cross-linking shows that high molecular weight species are detected early at low concentrations of reagent and are not changed over a range of protein concentration that would affect diffusion-dependent cross-linking of inherently non-oligomeric species.
The presence of oligomeric tubulin is consistent with protein patterns obtained in the absence of denaturing detergent by PAGE, a technique that has been used previously to study oligomerization processes. Insulin, for example, has been studied by nondenaturing PAGE (22) , as has spectrin (38, 39) . However, both spectrin and insulin can be induced to form large oligomers only at protein concentrations 10-100-fold higher than those employed in this study. When PCtubulin is electrophoresed on nondenaturing gels at pH 7, a smear is present, as expected for molecules in a rapidly equilibrating interaction (21) . The pH 8 .3 gel pattern reveals a linear series of oligomers : monomer, tetramer, hexamer, etc . The relative proportions ofthese species are shown to be concentration-dependent. It cannot be asserted, of course, that these proportions exist in solution. It is known that PAGE tends to concentrate proteins in the stacking gel, so that indeterminate local concentrations of tubulin are actually present. The absence ofdimers and the presence ofmonomers on these gels is puzzling. Indeed, a band corresponding to dimer on nondenaturing gels has been observed by Lee et al. (30) ; however, in this earlier study the tubulin was prepared by repeated salt fractionations including precipitation by MgCl2, which can modify the circular dichroism (43) and the electrophoretic behavior of tubulin (unpublished observations). We suggest that on our gels dimers are dissociated 196 THE JOURNAL OF CELL BIOLOGY " VOLUME 99, 1984 during electrophoresis to form the diffuse leading band. Such a dissociation could come about as follows: a-and ß-tubulins have different isoelectric points and probably carry different net charges ; the electrical force acting upon them (product of voltage and charge) will thus be different as will their mobilities unless the intermolecular attractive force is sufficiently great. Conversely, the absence of dissociation of the higher oligomers in the gel suggests that when multiple subunits are present, cooperative intermolecular forces between them exceed the dissociative electrical field or that irreversible denaturation ofthe oligomeric species has occurred during electrophoresis.
It should be noted that oligomers analyzed by ultrafiltration were not produced by aggregation of denatured species . The most critical experimental evidence against denaturation was the series of filtrations with progressive concentration or dilution of the same tubulin solution. These showed clearly that oligomerization was reversible. In addition, the tubulin employed in all of our experiments was prepared and held in the cold until used, within an hour ofits column purification. Finally, both filtrate and retentate polymerized onto axonemal seeds at approximately the critical concentration of unfiltered tubulin (unpublished observations) .
We would emphasize that, whereas a distinct oligomeric species of tubulin has been detected before, this high molecular weight (30S) ring structure (or related 18 or 20S oligomers) (35, 36) contains MAPS. Although we do show protein bands consistent with oligomers on nondenaturing gels of whole microtubule protein (Fig. 3) our studies have focused primarily on the behavior of PC-purified tubulin, which contains <5% of other proteins as determined by SDS PAGE, What is the relationship of oligomers to assembly? For some time, microtubule assembly has been viewed from the perspective of the assembly of tobacco mosaic virus. Indeed, tobacco mosaic virus and microtubule assembly have many parallels. Both are hydrophobic, entropy-driven processes (27) (28) (29) . Both proteins form double layer discs, as well as related polymorphic forms (15, 16, 35, 49) . In both cases discs appear to be used early in the assembly process (40, 44, 52) . TMV elongation has been thought to proceed by addition of single subunits in a nucleation-condensation mechanism (40) . The kinetics of this model have been worked out in detail (42) . Since most studies of microtubule protein have not demonstrated oligomers and have shown the first order kinetics predicted for a nucleation-condensation mechanism (4), it has been suggested that microtubules like tobacco mosaic virus are elongated by the addtion of single (dimeric) subunits . In fact, elongation by addition of oligomers may also be consistent with a nucleation-condensation mechanism.
The advantages of direct assembly from MAP-containing oligomers have been suggested by Weisenberg (58) . In his scheme, oligomers are assembled preferentially, and the stability ofoligomer association with a microtubule end depends on the extent of intersubunit bonding between the oligomer and the assembled microtubule subunits, which in turn depends on the area of surface contact between them. When an oligomer is fitted into a growing end, a large number ofbonds can be formed resulting in high stability . We believe that this argument applies equally well to oligomers without MAPS. Further, the critical concentration for assembly may be the concentration at which oligomers of a preferred size are sufficiently abundant . Indeed, many other aspects of microtubule assembly may need to be re-examined in view of the predominance of oligomers in solution.
The possibility ofassembly ofmicrotubules from oligomers suggests that regulation of oligomerization may be another level of control of microtubule polymerization in vivo. Cells may regulate microtubule formation on nucleation sites by controlling oligomer formation by mechanisms unknown, perhaps using a molecule analogous to the various actinbinding proteins (13, 33, 50, 54, 55) . This may help explain how some cells, such as neuroblastoma, maintain concentrations of unpolymerized tubulin higher than the critical concentration (41) .
It has also been hypothesized that the level of transcription of the tubulin gene(s) is controlled by the level of free tubulin dimer (2, 12) . Our findings raise the question of whether a unique oligomeric species of tubulin (which would increase with total free concentration and may itself be regulated) is an essential element in the feed-back control.
The behavior of molecules filtered through pores of similar size can be described by the theory of restricted diffusion. As formulated by Landis and Pappenheimer (26) , this states that where CF is the concentration of solute in filtrate ; CR the concentration of solute in retentate; D, the diffusion constant of solute; Aw the area of pore available to water; Qr the quantity filtered per unit time; aw the radius of water molecule ; a, the radius of solute; OX the thickness of membrane; r the radius of pore . For the XM 300, the ratio aw/r approaches 0. This also means that Aw is approximately equal to rrz. Finally, substituting Ds = RT1617a,N, where R is the gas constant, T the absolute temperature, n the viscosity of solvent, and Nthe Avogadro's number, simplifies Eq. I to the following: By filtering a protein of known molecular radius (calculated from aspherical equivalent of the molecular weight) and measuring the filterability, one is left with an equation in only one unknown, r,
The equation cannot be solved analytically, but r can be approximated to any desired accuracy by iteration . The final test of the theory is shown in Table  I . IgG was filtered through each of five filters . Then five other protein standards were filtered through the same filters . Each filterability was multiplied by a correction factor derived from the IgG filterability for that filter in order to eliminate the differences among individual filters . Since Eq. 3 cannot be solved for r if the filterability is greater than 1, the data were normalized to the filter with thesmallest IgG filterability, in order to have all five corrected filterabilities less than 1 .
The calculated pore sizes derived from the filterabilities of five proteins are in remarkable agreement: the mean pore size of the least permeable filter was 5.17 nm with a standard deviation of only 0.29 min. When all of the standardizing proteins are filtered through a single filter, as in filters 2 or 5 of Table II , the standard deviation dropsto <0 .17 nm . These two filters have a more usual IgG filterability, about 0.28, corresponding to a pore radius of 6.0 nm.
The pore radius of an XM 300 has been measured to be 12 .5 nm using the electron microscope (18) . The agreement between the electron microscope and hydrodynamic determinations is quite good considering the variation among individual membranes and the fact that Eq. I assumes a cylindrical pore while the actual pores are tortuous . Once a value for r is known, one can solve the restricted diffusion equation either directly for filterability given the radius of the solute, or by iteration for solute radius, given filterability . This work was supported by National Institutes of Health grant CA 15544.
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Note Added in Proof. It should be emphasized that, to use ultrafiltration for the determination of molecular weight, it is necessary to choose carefully conditions that minimize concentration-polarization : low pressure (10 psi), low protein concentration (<1 mg/ml), and collection of small volumes of ultrafiltrate (<500 ttl). In any event, significant concentration-polarization must be ruled out by control experiments in which filterability of standard proteins and mixtures is shown to be independent of concentration, as shown in
Results-"Effect of Concentration of Degree of Oligomerization ."
Not surprisingly, as shown by Siezen (Siezen, R. J., 1984, Biophys. Chem., 19 :49-55) , when conditions are chosen that promote concentration-polarization, ultrafiltration cannot be used to determine molecular weight .
